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ABSTRACT 

We discuss how the hghtest scalars, in particular the broad a resonance, can be 
understood as unitarized qq states within a unitarized quark model (UQM) . The 
bare qq scalars are strongly distorted by hadronic mass shifts, and the uu -\- dd 
state becomes a very broad resonance, with its pole at 470-1250 MeV. This is the 
sigma meson required by models for spontaneous breaking of chiral symmetry. 
We also discuss the less well known phenomenon that with a large coupling 
there can appear two physical resonance poles on the second sheet although only 
one bare quark-antiquark state is put in. The /o(980) and /o(1370) resonance 
poles can thus be two manifestations of the same ss quark state. Both of 
these are dominant in the E791 Dalitz plot of Dg — > Stt, where ss intermediate 
states should be dominant. Recently this light a has clearly been observed in 
£) ^ (TTT ^ Stt by the E791 experiment at Fermilab. We discuss how this decay 
channel can be predicted in a Constituent Quark Meson Model (CQM), which 
incorporates heavy quark and chiral symmetries. 



1 Introduction 

This talk is mainly based on earlier papers II) on the light scalars and on a 
more recent one tV on the a in charm decay, including a few new comments. 
First we shall discuss the evidence for the light a and explain how one can 
understand the controversial light scalar mesons with unitarized quark model 
(UQM), which includes most well established theoretical constraints: 

• Adler zeroes as required by chiral symmetry, 

• all light two-pseudoscalar (PP) thresholds with flavor symmetric cou- 
plings in a coupled channel framework 

• physically acceptable analyticity, and 

• unitarity. 

A unique feature of this model is that it simultaneously describes the whole 
scalar nonet and one obtains a good representation of a large set of relevant 
data. Only six parameters, which all have a clear physical interpretation, are 
needed, such as an overall coupling constant, the bare mass of the uu or dd 
state, the extra mass for a strange quark (m^ — m„ = 100 MeV), a cutoff 
parameter (fep = 0.56 GeV/c). 

After describing our understanding of the qq nonet, we discuss the recently 
measured D air — > Stt decay, where the a is clearly seen as the dominant 
peak. 

2 The problematic scalars and the existence of the a 

The interpretation of the nature of lightest scalar mesons has been controversial 
for long. There is no general agreement on where are the qq states, is there 
a glueball among the light scalars, are some of the scalars multiquark or KK 
bound states? As for the a, authors do not even agree on its existence as a 
fundamental hadron, although the number of supporters is growing rapidly. 
A light scalar- isoscalar meson (the cr), with a mass of twice the constituent 
u, d quark mass, or w 600 MeV, coupling strongly to tttt is of importance in 
all Nambu-Jona-Lasinio-like (N JL-like) models for dynamical breaking of chiral 
symmetry. In these models the a field obtains a vacuum expectation value, i.e.. 
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Figure 1: The pole positions of the a resonance, as listed by the PDG 0) under 
/o(400— 1200) or a (filled circles), plotted in the complex energy plane (in units 
of MeV). The triangles represent the mass and width parameters (plotted as 
m — iT/2), which were reported at this meeting. We could not here distinguish 
between pole and Breit-Wigner parameters. The star is the m — iT/2 point 

obtained from the recent E791 experiment 0) on D cttt — > Stt (nicr — 478 
MeV, Ta — 324 MeV) while the open circle is that obtained by the CLEO 
analysis of t anv — > Stti/ 0) . 



one has a a qq condensate in the vacuum, which is crucial for the understanding 
of all hadron masses, as it explains in a simple way the difference between the 
light constituent and chiral quark mass. Then most of the nucleon mass is 
generated by its coupling to the cr, which acts like an effective Higgs-like boson 
for the hadron spectrum. 

In Fig. 1 we have plotted with filled circles the results of 22 different 
analyses on the cr pole position, which are included in the 2000 edition of the 
Review of Particle Physics 0) under the entry /o(400 — 1200) or a. Most of 
these find a a pole position near 500-1250 MeV. 

Also, at a recent meeting in Kyoto 0) devoted to the cr, many groups 
reported preliminary analyzes, which find the cr resonance parameters in the 
same region. These are plotted as triangles in Fig. 1. Here it was not possible 
to distinguish between Breit-Wigner parameters and pole positions, which of 



course can differ by several 100 MeV for the same data. It must also be noted 
that many of the triangles in Fig. 1 rely on the same raw data and come from 
preliminary analyzes not yet published. 

We also included in Fig. 1 (with a star) the cr parameters obtained from 
the recent E791 Experiment at Fermilab , where 46% of the £)+ Svr Dalitz 
plot is (TTT. The open circle in the same figure represents the a parameters 
extracted from the CLEO analysis of r — > am/ Siri/ 0) . 

3 The NJL and the linear sigma model 

The NJL model is an effective theory which is believed to be related to QCD at 
low energies, when one has integrated out the gluon fields. It involves a linear 
realization of chiral symmetry. After bosonization of the NJL model one finds 
essentially the linear sigma model (LcrM) as an approximate effective theory 
for the scalar and pseudoscalar meson sector. 

About 30 years ago Schechter and Ueda a) wrote down the U3 x [73 
LcrM for the meson sector involving a scalar and a pseudoscalar nonet. This 
(renormalizable) theory has only 6 parameters, out of which 5 can be fixed by 
the pseudoscalar masses and decay constants (mjr, rriK, rrirj', f-^, fx)- The 
sixth parameter for the OZI rule violating 4-point coupling must be small. 
One can then predict, with no free parameters, the tree level scalar masses 
which turn out to be not far from the lightest experimental masses, although 
the two quantities are not exactly the same thing but can differ for the same 
model and data by over 100 MeV. 

The important thing is that the scalar masses are predicted to be near 
the lightest experimentally seen scalar masses, and not in the 1500 MeV region 
where many authors want to put the lightest qq scalars. The cr is predicted 
^) at 620 MeV with a very large width (« 600 MeV), which well agrees with 
Fig. 1. The ao(980) is predicted at 1128 MeV, the /o(980) at 1190 MeV, and 
the Kq{1A2>0) at 1120 MeV, which is surprisingly good considering that loop 
effects are large. 



4 Understanding the S-waves within a unitarized quark model 
(UQM) 



In Figs. 2-4 we show the obtained fits to the Kt:, tttt S -waves and to the 
ao(980) resonance peak in irrj. The Partial Wave Amplitude (PWA) in the case 
of one qq resonance, such as the ao(980), can be written as: 

^ ^ [ml + ReU{s) -s + ilmll{s)] ' ^ ^ 

where: 

Rem . IP.V. r l^ds' . 



Here the coupling constants 7^ are related by flavour symmetry and OZI rule, 
such that there is only one over all parameter 7. The saa are the positions 
of the Adler zeroes, which are near s = 0. Eq. (1) can be looked upon as a 
more general Breit-Wigner form, where the mass parameter is replaced by an 
s-dependent function, "the running mass" TOq -f- Rell{s). 

In the flavourless channels the situation is a little more complicated than 
in Eq. (1) since one has both uu+dd and ss states, requiring a two dimensional 
mass matrix (see Ref. S). Note that the sum runs over all light PP thresholds, 
which means three for the ao(980): irr], KK,Trr]' and three for the ^^0(1430): 
Kt:, Kt], Xry', while for the /o's there are five channels: tttt^KK, rji], rjrj' , rj'r]'. 

In Fig. 5 we show, as an example, the running mass, mg -I- i?en(s), and 
the width-like function, — /mn(s), for the 1=1 channel. The crossing point of 
the running mass with s gives the 90° mass of the ao(980). The magnitude of 
the KK component in the ao(980) is determined by — ^_Ren(s), which is large 
in the resonance region just below the KK threshold. These functions fix the 
PWA of Eq. (1) and Fig. 3. In Fig. 6 the running mass and width-like function 
for the strange channel are shown. These fix the shape of the K-k phase shift 
and absorption parameters in Fig. 1. As can be seen from Figs. 1-3, the model 
gives a good description of the relevant data. 

In Ref. i|) the a was missed because only poles nearest to the physical re- 
gion were looked for, and the possibility of the resonance doubling phenomenon. 



discussed below, was overlooked. Only a little later we realized with Roos 0) 
that two resonances (/o(980) and /o(1370)) can emerge although only one ss 
bare state is put in. Then we had to look deeper into the second sheet and 
found the broad a as the dominant singularity at low mass. 

In fact, it was pointed out by Morgan and Pennington 0) that for each 
qq state there are, in general, apart from the nearest pole, also image poles, 
usually located far from the physical region. As explained in more detail in 
Ref. , some of these can (for a large enough coupling and sufhciently heavy 
threshold) come so close to the physical region that they make new resonances. 
And, in fact, there are more than four physical poles with different isospin, 
in the output spectrum of the UQM model, although only four bare states, of 
the same nonet 0), are put in!. The /o(980) and the /o(1300) of the model 
thus turn out to be two manifestations of the same ss state. (See Ref. lit 
for details). There can be two crossings (see Fig. 7) with the running mass 
ttiq + Rell{s), one near the threshold and another at higher mass, and each 
one is related to a different pole at the second sheet (or, if the coupling is 
strong enough, the lower one could even become a bound state pole, below the 
threshold, on the first sheet). 

Similarly the ao(980) and the ao(1450) could be two manifestations of 
the ud state. Only after realizing that this resonance doubling is important 
the light and broad a was found in the model 0^ . In Table 1 we list the pole 
positions of the six relevant poles, all manifestations of the same qq nonet. 

Another important effect that the model can explain is the large mass 
difference between the oq and Kq. Because of this large mass splitting many 
authors argue that the ao(980) and /o(980) are not qq states, since in addition 
to being very close to the KK threshold, they are much lighter than the first 
strange scalar, the Kq{1A30). Naively one expects a mass difference between 
the strange and nonstrange meson to be of the order of the strange-nonstrange 
quark mass difference, or a little over 100 MeV. 

Figs. 5 and 6 explain why one can easily understand this large /^q (1430) — 
ao(980) mass splitting as a secondary effect of the large pseudoscalar mass 
splittings, and because of the large mass shifts coming from the loop diagrams 
involving the PP thresholds. If one puts Figs. 4 and 5 on top of each other one 
sees that the 3 thresholds nrj, KK, tttj all lie relatively close to the ao(980), 
and all 3 contribute to a large mass shift. On the other hand, for the Kq{1430), 



Table 1: The pole positions of the resonances in the S-wave PP PP 
amplitudes ^\ The first resonance is the a which we name here /o(~ 500). 
The two following are both different manifestations of the same ss state. The 
last entry is similarly an image pole of the ao(980), which in an improved fit 
could represent the ao(1450). The mixing angle 6s for the /o(« 500) or a is 
with respect to uu + dd, while for the two heavier /o's it is with respect to ss. 
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the SU3f related thresholds {Ktt, Krj') lie far apart from the Kq, while the 
Kr] nearly decouples because of the physical value of the pseudoscalar mixing 
angle. 

This large mass of the _ft'Q(1430) is also one of the reasons why some 
authors want to have a lighter strange meson, the k, near 800 MeV. Cherry 
and Pennington recently have strongly argued against its existence. But, 
we heard Carla Gobel in her talk describing some evidence for such a light k in 
the E791 data for Z?+ — > K^tt^tt^ . Here the signal is much less evident, since, 
differently from the case of the a, which is seen as a clear peak over background, 
the inclusion of a «; only improves the in the region dominated by the 
K*{890). Perhaps one should try a more sophisticated Breit-Wigner amplitude 
for the S-wave, as that in Eq. (1), before one can make more definite statements 
about the n. Possibly such a light k could be understood in connection to the 
resonance doubling phenomenon discussed above and which we discussed with 
Roos 0). 



5 D ^ (TTT — > Stt 

The recent experiments studying charm decay to hght hadrons are opening 
up a new experimental window for understanding hght meson spectroscopy 
and especially the controversial scalar mesons, which are copiously produced 
in these decays. 

In particular we refer to the E791 study of the 13 — > Stt decay ^) where 
it is shown how adding an intermediate scalar resonance with floating mass 
and width in the Monte Carlo program simulating the Dalitz plot densities, 
allows for an excellent fit to data provided the mass and the width of this scalar 
resonance are m„ ~ 478 MeV and — 324 MeV. This resonance is a very good 
candidate for the a. To check this hypothesis we adopt the E791 experimental 
values for its mass and width and using a Constituent Quark Meson Model 
(CQM) for heavy-light meson decays ll^ we compute the D ^ an non-leptonic 
process via factorization , taking the coupling of the a to the light quarks 
from the Linear sigma Model HI) . In such a way one is directly assuming that 
the scalar state needed in the E791 analysis could be the quantum of the a field 
of the Linear sigma Model. According to the CQM model and to factorization, 
the amplitude describing the D air decay can be written as a product of the 
semileptonic amplitude {a\A'l^^^.^{q)\D~^), where A^^ is the axial quark current, 
and (7r|^^(-a^)(q)|VAC). The former is parameterized by two form factors, 
Fi{q^) and Fo(q^), connected by the condition Fi(0) = -Fo(O), while the latter is 
governed by the pion decay constant /^r. As far as the product of the two above 
mentioned amplitudes is concerned, only the form factor Fo^q"^) comes into the 
expression of the D — > an amplitude. Moreover we need to estimate it at 
q^ ~ , that is the physically realized kinematical situation. The CQM offers 
the possibility to compute this form factor through two quark-meson 1-loop 
diagrams that we call the direct and the polar contributions to Fo{q^). These 
quark-meson loops are possible since in the CQM one has effective vertices 
(heavy quark)- (heavy meson)- (light quark) that allow us to compute spectator- 
like diagrams in which the external lines represent incoming or outgoing heavy 
mesons while the internal lines are the constituent light quark and heavy quark 
propagators. 

In Figs. 8 and 9 we show respectively the direct and the polar diagrams for 
the semileptonic amplitude D a, the former being characterized by the axial 
current directly attached to the constituent quark loop, the latter involving an 



intermediate -0(1"'') or D{0~) state. These two diagrams are computed with 
an analogous technique and one finally obtains a determination of the direct 
and polar form factors Fq "'^"'(q^). The extrapolation to ~ ~ is safe 
for the direct form factor while is not perfectly under control for the polar form 
factor since the latter is more reliable at the pole ~ "^p, "mp being the 
mass of the intermediate state in Fig. 9. We take into account the uncertainty 
introduced by this extrapolation procedure and signaled by the fact that we find 
F,^°'(0) 7^ °'(0) (computing Fq from the polar diagram with 0~ intermediate 
polar state and -Fi from that with intermediate l"*" state). Our estimate for 
Fo(0) = F^°\0) + F^"'{0) = 0.59 ± 0.09 is in reasonable agreement with an 
estimate of Fo(mJ) = 0.79 ± 0.15 carried out in ® using the E791 data 
analysis and a Breit-Wigner like approximation for the a. 

The meson-quark loops in Figs. 8 and 9 are computed substituting the 
meson vertices with the heavy meson field expressions found by Heavy Quark 
Effective Theory (HQET) (since CQM incorporates heavy quark and chiral 
symmetries) and the quark lines with the propagators of the heavy and light 
constituent quarks. The light constituent mass m is fixed by a NJL-type gap 
equation that depends on to, and on two cutoffs A and fj, in a proper time 
regularization scheme for the diverging integrals. The ultraviolet cutoff A is 
fixed by the scale of chiral symmetry breaking, A^^, ~ 47r/^, and we consider 
A = 1.25 GeV. The remaining dependence of to on the choice of the infrared 
cutoff fi has an expression similar to that of a ferromagnetic order parameter, 
m(fi) being different from zero for fi values smaller than a particular ^c, and 
zero for higher values. When /i ranges from to 300 MeV, the value of m is 
almost constant, m = 300 MeV, dropping for higher n values. A reasonable 
light constituent quark mass is certainly 300 MeV and this clearly leaves a 300 
MeV open window for choosing the infrared cutoff. Enforcing the kinematical 
condition for the meson to decay to its free constituent quarks, which must 
be possible since the CQM model does not incorporate confinement, requires 
/Lt ~ TO 111). Therefore we pick up the fi = 300 MeV value. The results are 
quite stable against 10 — 15% variations of the UV and IR cutoffs. 

The CQM semileptonic D ^ a transition amplitude is represented by the 
loop integrals associated to the direct and to the polar contributions. The result 
of the integral computations must then be compared with the expression for 
the hadronic transition element ((7|v4|I?) and this allows to extract the desired 



Fo_i form factors. An estimate of the weight of 1/toc corrections can also be 
taken into account H) . 

This computation indicates that the scalar resonance described in the 
E791 paper can be consistently understood as the a of the Linear sigma Model. 
Of course a calculation such as the one here described calls for alternative 
calculations and/or explanations of the E791 data for a valuable and useful 
comparison of point of views on the a nature. 

6 Concluding remarks 

An often raised question is: Why are the mass shifts required by unitarity so 
much more important for the scalars than, say, for the vector mesons? The 
answer is very simple, and there are three main reasons: 

• The scalar coupling to two pseudoscalars is very much larger than the 
corresponding coupling for the vectors, both experimentally and theo- 
retically (e.g., spin counting gives 3 for the ratio of the two squared 
couplings). 

• For the scalars the thresholds are S- waves, giving nonlinear square root 
cusps in the n(s) function, whereas for the vectors the thresholds are 
P-waves, giving a smooth angular momentum and phase space factor. 

• Chiral symmetry constraints, in particular Adler zeroes, are important 
for the scalars when analyzing pseudoscalar scattering, and make, e.g., 
TTTT TTTT vcry wcak near the thresholds. In the case when a light scalar 
is produced in charm decay, as in E791, these zeroes are less important. 

One could argue that the two states /o(980) and ao(980) are a kind of 
KK bound states (see Ref. ©), since these have a large component of KK in 
their wave functions. However, the dynamics of these states is quite different 
from that of normal two-hadron bound states. If one wants to consider them 
as KK bound states, it is the KK ss ^ KK interaction which creates their 
binding energy, not the hyperfine interaction as in Ref. Thus, although 

they may spend most of their time as KK, they owe their existence to the ss 
state. Therefore, it is more natural to consider the /o(980) and /o(1300) as two 
manifestations of the same ss state. 



The wave function of the ao(980) (and /o(980)) can be pictured as a 
relatively small core of qq of typical qq meson size (0.6 fm), which is surrounded 
by a much larger standing S-wave of virtual KK{see Fig. 10) due to the fact 
that these resonances are just below the KK threshold and they strongly couple 
to KK. This picture also gives a physical explanation of the narrow width: in 
order to decay to irrj, the KK component must first virtually annihilate near 
the origin to qq. Then the qq can decay to ttt] as an OZI allowed decay. 

Finally, in Sec. 5, we showed that the recent E791 data on D ^ (ttt 
can be understood in the CQM model assuming the a to be predominantly a 
{uu + dd)/^/2 state, similar to the a of the Linear sigma Model. 

7 Acknowledgements 

NAT and ADP acknowledge support from EU-TMR programme, contract CT98- 
0169. The authors are also grateful to A. Deandrea, R. Gatto and G. NarduUi 
for useful discussions. 



References 

1. N.A. Tornqvist and M. Roos, Phys. Rev. Lett. 76, 1575 (1996). 

2. N.A. Tornqvist, Z. Phys C68, 647 (1995); N. A. Tornqvist, Eur. J. Phys. 
Cll, 359 (1999). 



3. R. Gatto, G. Nardulh, A.D. Polosa and N.A. Tornqvist, |hcp-ph/0007207 , 
in press in Phys. Lett. B. 

4. D.E. Groom et al. Eur. J. Phys. C 15, 1 (2000). 

5. Conference: "Possible existence of the light a resonance and its im- 
plications to hadron physics", Kyoto, Japan ll-14th June 2000, KEK- 
proceedings/2000-4; See also N.A. Tornqvist, "Summary of the confer- 



ence" , |hep-ph/0008135 



6. E. M. Aitala et al. (E791 collaboration), Experimental evidence for a light 
and broad scalar resonance in D+ Stt, |hep-ex/0007028| . 

7. D.M. Asner et al. (CLEO collaboration), Phys. Rev. D61, 0120002 (1999). 



8. J. Schechter and Y. Ueda, Phys. Rev. D3, 2874 (1971). 



9. N.A. Tornqvist, Eur. J. Phys. Cll, 559 (1999); M. Napsusciale, ficp- 



ph/9803396| ; see also G. Parisi and M. Testa Nuov. Cim. LXVII, 13 (1969). 



10. S. N. Cherry and M. Pennington, |hep-ph/0005208 . 

11. D. Morgan and D. Pennington, Phys. Rev. D48, 1185 (1993); ibid. D48, 
5422 (1993). 

12. J. Weinstein and N. Isgur, Phys. Rev. Lett. 48, 659 (1982); Phys. Rev. 
Lett. 27, 588 (1983). 



13. A.D. Polosa, The CQM model, |hep-ph/0004183 



and references therein. 



14. M. Bauer, B. Stech and M. Wirbel, Z. Phys. C16, 205 (1983). 

15. D. Ebert and M.K. Volkov, Z. Phys. C16, 205 (1983). 

16. C. Dib and R. Rosenfeld, Estimating a meson couplings from D ^ 
decays, [liep-ph/0006"l45| . 



Figure 2: The Kt: S-wave phase shift 
and (h) the magnitude of the Kir PWA 
compared with the model predictions, 
which fix 4 (7, rno+rris, fco and SA,KTr) 
of the 6 parameters. 



Figure 4: (a) The ao(980) peak com- 
pared with model prediction and (b ) the 
predicted ttt] Argand diagram. 




Figure 3: (a) The tttt Argand dia- 
gram and (b) phase shift predictions 
are compared with data. Note that 
most of the parameters were fixed by 
the data in Fig. 1. For more details 
see Ref. 



Figure 5: The running mass mo + 
i?en(s) and ImU{.s) of the ao(980). 
The strongly dropping running mass 
at the ao(980) position, below the KK 
threshold contributes to the narrow 
shape of the peak in Fig. 3a. 



Figure 6: The running mass and 
width-like function —Imll{s) for the 
i4rg(1430). The crossing of s with the 
running mass gives the 9(F phase shift 
mass, which roughly corresponds to a 
naive Breit- Wigner mass, where the 
running mass is put constant. 



Figure 8: Diagram for the direct con- 
tribution to the D a semileptonic 
amplitude. The axial current is di- 
rectly attached to the quark loop. 
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Figure 9: The polar contribution to 
Fo, if a 0^ intermediate state is con- 
sidered, and to Fi, with a 1+ inter- 
mediate state. The F)i\^) state is de- 
scribed in the PDG 



Figure 7: (a) Although the model has 
only one hare ss resonance, when uni- 
tarized it can give rise to two crossings 
with the running mass in the ss — KK 
channels. This means the ss state can 
manifest itself in two physical reso- 
nances, one at threshold and one near 
1200 MeV (See Ref. ^ for details) as 
in this figure. 



Figure 10: A resonance just below 
the KK threshold, coupling strongly to 
KK , must have a large KK standing 
wave surrounding a qq core. 



